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INTRODUCTION
The methylotrophic yeast Komagataella phaffii, commonly known as Pichia pastoris, is a popular host species for the production of proteins with industrial or academic value; this species allows high-cell-density cultivation, eukaryotic posttranslational modification and potentially high-level secretory protein production as well as genetic manipulation (Gasser et al. 2013; Ahmad et al. 2014) . Genetic engineering tools continue to be developed for use in this organism, accelerating strain development. Publication of the detailed genome sequence of K. phaffii (De Schutter et al. 2009; Mattanovich et al. 2009; Küberl et al. 2011; Sturmberger et al. 2016) has facilitated the application of a wide range of techniques in this microbe. In combination with recent progress in synthetic biology and metabolic engineering, an advanced genetic toolbox for strain development in K. phaffii has accumulated, including, for example, the identification of distinctive promoters and terminators via genome-wide searches Gasser, Steiger and Mattanovich 2015; Vogl et al. 2016) , the generation of synthetic promoters (Hartner et al. 2008; Qin et al. 2011; Vogl et al. 2014) , and the implementation of a CRISPR/Cas9 genome editing system (Weninger et al. 2016) .
Nevertheless, due to the lack of a stable, autonomously replicating plasmid system for K. phaffii, the most frequently used approach for introducing gene expression cassettes in this species still depends on integration into the genome, even though the stable, autonomously replicating plasmid system has been developed in the fairly recent past (Nakamura et al. 2018) . Unfortunately, K. phaffii has a relatively low efficiency of gene targeting by homologous recombination (HR), leading to random insertion of gene expression cassettes into the genome (Schwarzhans et al. 2016) . Thus, there is great demand for the development in K. phaffii of high-specificity and -efficiency methods to enable the site-directed integration of DNA fragments into target chromosomal loci; such targeting is expected to facilitate genetic analysis and strain construction in this yeast.
In all living organisms, including yeasts, two major recombinant pathways have been identified for the repair of DNA double-strand breaks: one functions via HR, and the second acts through non-homologous end joining (NHEJ). Gene targeting efficiency is known to depend on the balance between HR and NHEJ. In the budding yeast Saccharomyces cerevisiae, HR serves as the major pathway of double-strand break repair; in contrast, in K. phaffii, NHEJ is the dominant pathway for DNA repair, resulting in a relatively lower gene targeting efficiency (Klinner and Schäfer 2004) . Another major factor known to affect gene targeting efficiency is the length of the homologous sequences flanking the sequence to be integrated.
A prominent strategy for improving gene targeting efficiency is the disruption of host genes encoding components of the NHEJ-related pathway. Generally, the important proteins involved in the NHEJ pathway are Ku70p, Ku80p, Dnl4p, Lif1p and NeiJp (Daley et al. 2005) . Deletion of the genes encoding Ku70p or Ku80p, homologs of the telomeric Ku complex subunits that are key-players in the early stage of the NHEJ pathway, has been the most commonly used method for the improvement of gene targeting efficiency in a range of microorganisms (Kooistra, Hooykaas and Steensma 2004; Ninomiya et al. 2004; Krappmann 2007; Ueno et al. 2007; Maassen et al. 2008; Näätsaari et al. 2012; Verbeke, Beopoulos and Nicaud 2013) . In the case of K. phaffii, the ku70 deletion strain has been demonstrated to show higher gene targeting efficiency than the wild-type strain; the use of flanking sequences exceeding 650 bp (for HIS4 targeted genedeletion) has been shown to provide a gene targeting efficiency of 100% in the ku70 deletion strain, compared to an efficiency of 12% in the wild-type strain under the same condition (Näätsaari et al. 2012) . However, Näätsaari et al. (2012) also reported that the targeting efficiency was highly dependent on the target locus and the length of homologous sequences to be disrupted. For instance, the gene targeting efficiency for knock-out of ADE1 was lower than that of HIS4 in both the wild-type and ku70 deletion strains. When using several lengths of homologous sequences (50-650 bp) for the ADE1 targeted deletion, the targeting efficiencies ranged from 0% to 88% in the ku70 strain (Näätsaari et al. 2012) .
In other organisms, deletion of the gene encoding the DNA ligase IV homolog (Dnl4p) has been shown to provide excellent gene targeting efficiencies, as demonstrated in the filamentous fungi Neurospora crassa (Ishibashi et al. 2006) and Aspergillus oryzae (Mizutani et al. 2008) , and in the sphingoid base secretion yeast Pichia ciferrii (Schorsch, Köhler and Boles 2009) . Disruption of the gene encoding Dnl4p, a protein that serves in the final step of the NHEJ pathway, resulted in a gene targeting efficiency of 100% in N. crassa even when using flanking homologies of just 100 bp (compared to an efficiency of a few % in the wild-type strain) (Ishibashi et al. 2006) , and a gene targeting efficiency of 87% when using flanking homologies of 400 bp in P. ciferrii (compared to an efficiency of about 1% in the wild-type strain) (Schorsch, Köhler and Boles 2009) . However, the effect of the disruption of the gene encoding the DNA ligase IV homolog has not been described (to our knowledge) in the methylotrophic yeast K. phaffii.
In the work described here, recombinant K. phaffii strains harboring disruption of the gene encoding the DNA ligase IV homolog (DNL4) and/or the gene encoding a subunit homolog of the telomeric Ku complex (KU70) were constructed. The resulting strains were assessed for targeting efficiency in gene knockout and knock-in experiments. The dnl4 deletion strain showed improved HR-mediated efficiency of gene targeting compared to both the wild-type and the ku70 deletion strains. Moreover, the double knock-out strain (dnl4 ku70) exhibited even better gene targeting efficiency. Thus, the dnl4 and dnl4 ku70 deletion strains are expected to serve as attractive platforms for the functional analysis of individual genes, as well as for strain development in K. phaffii.
MATERIALS AND METHODS

Strains and media conditions
All K. phaffii strains used in this study were derived from the wild-type strain CBS7435 (NRRL-Y11430) and are listed in Table 1 . K. phaffii strains were grown in the media described below. YPD medium contained (per liter) 10 g yeast extract (Nacalai Tesque, Kyoto, Japan), 20 g Bacto peptone (BD Biosciences, San Jose, CA, USA), and 20 g glucose; YPD plates were further supplemented with agar at 20 g/L. BMGY medium contained (per liter) 10 g yeast extract, 20 g hipolypepton (Nihon Pharmaceutical, Tokyo, Japan), 13.4 g yeast nitrogen base without amino acids (YNB; BD Biosciences), 0.4 mg biotin (Nacalai Tesque) and 20 g glycerol, and was supplemented with potassium phosphate buffer (pH 6.0) to a final concentration of 100 mM. Minimal medium contained (per liter) 6.7 g YNB and different carbon sources as follows: 20 g glucose (YNBD2% or SD), 20 g glycerol (YNBG2%) or 5 g methanol (YNBM0.5%). SD agar plates with antibiotics contained (per liter) 1.7 g YNB without both amino acids and ammonium sulfate (BD Bioscience), 1 g monosodium glutamate, 20 g glucose, and 20 g agar. Where appropriate, adenine (10 or 50 μg/mL), histidine (Näätsaari et al. 2012) .
(20 or 40 μg/mL), arginine (20 or 40 μg/mL), uracil (50 μg/mL), G418 (250 or 500 μg/mL) and/or Zeocin (100 μg/mL) were added. Escherichia coli strain DH5α was used for recombinant DNA manipulation. E. coli strains were grown in LB medium that contained (per liter) 5 g yeast extract, 10 g tryptone (Nacalai Tesque) and 5 g NaCl, and was supplemented with ampicillin (100 μg/mL).
Construction of plasmids
For the construction of the strains disrupted for the NHEJ-related genes (DNL4 and KU70), two types of marker recycling methods (a seamless internal HR system and a Cre recombination system) were employed. The plasmids containing the gene deletion cassettes for marker recycling and for evaluation of gene targeting efficiency were prepared. Detailed methods for construction of the plasmids used in this study (and also for yeast transformation) are described in the Supporting Information.
Construction of strains disrupted for genes encoding components of the NHEJ pathway
For construction of the strains disrupted for genes encoding components of the NHEJ pathway, a seamless ade1 deletion was constructed first, permitting selection of the deletion allele in K. phaffii by complementation of an auxotrophic marker. The endogenous ADE1 gene was disrupted using the seamless marker deletion system as described in Fig. 1A . Briefly, the K. phaffii strain CBS7435 was transformed by electroporation with the linearized (via SalI digestion) pUC sdADE1 plasmid. The SalI site is located within the upstream region of ADE1; transformation with the linearized plasmid (which harbors a G418 resistanceencoding marker) was expected to yield integration into the region upstream of the ADE1 ORF. Transformants were selected on SD agar plates supplemented with G418 (250 μg/mL), and the correct integration was confirmed by colony PCR. One of the transformants was cultured in YPD medium containing adenine (50 μg/mL) at 30
• C for 24 h to permit internal HR (excision) to proceed, followed by nystatin enrichment/counter selection (Snow 1966) as follows. After inoculation and cultivation on SD medium without adenine at 30 • C for 6 h, nystatin (10 μg/mL; Sigma-Aldrich, St. Louis, MO, USA) was added and the culture was further incubated at 30
• C for 1 h. Nystatin has fungicidal activity against actively growing cells; therefore the desired ade1 deletion mutants (unable to grow in the absence of adenine) are expected to survive and be enriched during this cultivation. To discriminate between ade1 cells and surviving ADE1 cells, we spread the diluted nystatin culture on SD agar plates supplemented with limited amounts of adenine (5 μg/mL, a concentration lower than that sufficient for full complementation of the adenine auxotrophy) and incubated the plates at 30
• C for 4 days; the resulting colonies were screened for red color, which indicates the accumulation of a pigmented intermediate that is diagnostic of an ade1 defect in the adenine synthesis pathway. The identity of the ade1 seamless deletion strain, presumably generated by excision of the G418 resistance-encoding marker by internal HR, was confirmed by demonstrating auxotrophy for adenine and G418 susceptibility, as well as by colony PCR and sequencing across the junction of the ade1 deletion. The seamless dnl4 ade1 deletion strain was constructed by procedures similar to the above-described ade1 construction (Fig. 1A) . Briefly, to disrupt the DNL4 gene, the pUC sdDNL4 plasmid (which harbors an ADE1 marker and DNL4 flanking sequences) was linearized by cleavage with BglII (cleaving in the downstream region of DNL4) and introduced into the genome of the ade1 deletion strain; the transformants of interest (complemented to Ade + ) were selected on SD agar lacking adenine. For excision of the ADE1 marker by internal HR, the cells were cultivated in YPD medium with adenine (50 μg/mL) for 24 h, and then subjected to nystatin enrichment/counter selection followed by confirmation of the ade1 phenotypic and PCR screening as described above. A dnl4 his4 deletion strain was generated through disruption of the HIS4 gene by double-crossover recombination using the ADE1 marker. The DNA fragment of the ADE1 marker was amplified by PCR with 50-bp HIS4 flanking regions (up-and downstream of the HIS4 ORF). The resulting DNA fragment was introduced into the dnl4 ade1 deletion strain by electroporation, and the transformation mixture was spread on SD agar supplemented with histidine (20 μg/mL) but lacking adenine. The emerging dnl4 his4 strain was confirmed by screening for histidine auxotrophy, followed by colony PCR and whole-genome sequencing using the Illumina MiSeq system (Illumina, San Diego, CA, USA) according to manufacturer's instructions.
Attempts at performing an equivalent seamless deletion of the KU70 gene were not successful (data not shown). Instead, the ku70 and the dnl4 ku70 his4 deletion strains were constructed by disruption of the KU70 gene by double-crossover recombination using a gene deletion cassette including the G418 resistanceencoding marker flanked at both the ends by loxP sequences and by up-and downstream flanking regions (both 1 kb) of the KU70 ORF (Fig. 2) . Following KpnI/XbaI digestion of the pUCku70 G418 plasmid, the resulting fragments for the KU70 disruption were introduced into both the CBS7435 wild-type and the dnl4 his4 strains by the lithium acetate transformation method (as described in detail in the Supporting Information), and the transformation mixtures were spread on YPD agar supplemented with G418 (500 μg/mL). The identities of the resulting strains (A) (B) Figure 1 . Schematic representation of the marker recycling system for seamless gene deletion. (A) The integration vector used for disruption of ADE1 or DNL4 contained the up-and downstream flanking regions of the respective target gene, and the selectable marker (G418 resistance-encoding marker for the ade1 deletion, ADE1 marker for the dnl4 deletion). In the first step, homologous recombination resulted in plasmid integration into the up-or downstream flanking genomic region of the target gene (the up-or downstream region was respectively used for targeting the ADE1 or DNL4 chromosomal locus). The resulting strains were selected on the appropriate SD agar plates (containing G418 for the ade1 deletion construction, or lacking adenine for the dnl4 deletion construction). In the second step, the positive clone was cultured in SD medium lacking adenine for 6 h, and then further cultured in nystatin-supplemented medium for 1 h. The resulting cells were plated on SD agar plates supplemented with limiting amounts of adenine. Two types of genome patterns would be expected to result from internal HR (either the occurrence of seamless gene deletion with marker excision or reversion to the original sequence). The desired recombination event (yielding seamless deletion) was confirmed by screening for red colony phenotype (and G418 susceptibility for ade1 deletion construction), colony PCR and sequencing of the target locus. (B) Representative results for the seamless ade1 deletion experiment. Colonies of the parental strain (wild type) and recombinant strains after the first and second steps were tested on the indicated media. The integration vector (containing the G418 resistance-encoding marker) was successfully integrated by the first step in clones #1 and #9. The seamless ade1 deletion with an accompanying G418 resistance-encoding marker excision was obtained in clones #1-1, #1-2 and #9-2. The successfully ADE1-disrupted cells exhibited the red colony phenotype on the adenine-limiting SD medium.
with the desired ku70 deletions were confirmed by colony PCR. The G418 resistance-encoding marker then was excised via the flanking loxP sequences. Specifically, the ku70 deletion strains described above were transformed with pPAP CP (which carries the Cre recombinase expression cassette under the control of the AOX1 promoter) and spread on YPD agar supplemented with Zeocin (100 mg/mL). The transformants were streaked for single colony isolation on YPD agar (in the absence of methanol) without antibiotics to permit loss of the plasmid (pPAP CP) from the cells (curing). The excision of the G418 resistance-encoding marker and the presence of a single loxP site at the ku70 genomic locus were confirmed by screening for G418 susceptibility, performing colony PCR and sequencing the ku70 locus. The loss of the pPAP CP plasmid from the cells was confirmed by screening for Zeocin susceptibility.
Growth rate studies
Growth rates of K. phaffii CBS7435 and the three NHEJ-relatedgene-disrupted strains (ku70, dnl4 his4 and dnl4 ku70 his4) were monitored by tracking the optical density at 660 nm (OD 660 ) during the exponential growth phase. Each strain was streaked on YNBD2% (glucose), YNBG2% (glycerol) and YNBM0.5% (methanol) agar supplemented with 40 μg/mL of histidine and incubated at 30
• C for 2 days; individual colonies then were used to inoculate test tubes containing the same respective liquid medium. After overnight growth at 30
• C, each culture was diluted to an initial OD 660 of 0.05 in L-shape tubes containing 5 mL of the same respective liquid medium. The diluted cells were then cultured at 30
• C using a biophotorecorder (TVS062CA;
Advantec, Tokyo, Japan) in which the OD 660 was measured automatically at 30 min interval. The growth rate measurements were performed as three biological replicates (i.e. starting from each of three separate colonies).
Measurements of gene targeting efficiency
To determine the gene targeting efficiencies in CBS7435 and the three NHEJ-related-gene-disrupted strains, gene knock-out and knock-in experiments were performed by double-crossover recombination (gene replacement with Zeocin resistant encoding marker) and plasmid integration into the target locus (Klinner and Schäfer 2004), respectively. The ARG4 and URA3 loci were chosen as the target genes for the test of gene knock-out using double-crossover recombination. The Zeocin resistanceencoding marker was amplified using primers containing 50-bp flanking homologies from up-and downstream of the ARG4 ORF or from up-and downstream of the URA3 ORF. Each PCR product was electroporated into CBS7435 and into the three NHEJrelated-gene-disrupted strains, and the transformation mixtures were spread on SD agar supplemented with 100 μg/mL of Zeocin, 40 μg/mL of histidine and the appropriate additive (40 μg/mL of arginine for the arginine auxotrophy or 50 μg/mL of uracil for the uracil auxotrophy). The transformants were replicated onto SD agar plates containing Zeocin (100 μg/mL) and histidine (40 μg/mL) with or without the additives to distinguish the occurrence of arg4 or ura3 deletion based on cell growth. The targeting efficiency of the plasmid integration was evaluated using an EGFP expression cassette. The plasmid pPGP EGFP was linearized with EcoRV, which cleaves within the 3 -untranslated region (3 -UTR) of the CCA38473 gene; the resulting linearized plasmid was then introduced into the wild-type strain and into the three NHEJ-related-gene-disrupted strains using the lithium acetate transformation method. The targeting efficiency for knock-in of the EGFP expression plasmid into the correct genomic site was evaluated by colony PCR with the appropriate primers, specifically using oligonucleotides corresponding to the AOX1 terminator and sequences downstream of the K. phaffii CCA38473 gene.
(A) (B) Figure 2 . Generation of the ku70 deleted strain using double-crossover recombination and the Cre-loxP marker recycling system. (A) Schematic representation of the Cre-loxP marker recycling system for ku70 deletion. The DNA cassette for the ku70 deletion contained the up-and downstream flanking regions of the KU70 gene and the G418 resistance-encoding marker flanked by loxP sequences (in the same orientation; indicated as black triangles). In the first step, the DNA cassette integrated into the KU70 locus by double-crossover recombination, and recombinants were isolated by selecting for G418 resistance and confirmed by screening using colony PCR. In the second step, the pPAP CP plasmid (expressing the Cre recombinase protein under control of the AOX1 promoter (Paox1) and containing the weak autonomous replicating sequence PARS1) was introduced into the cells. The transformants were selected on the Zeocin-containing plates and screened for excision of the G418 resistance-encoding marker (as assessed by G418 susceptibility) due to Cre-loxP recombination. The strains were cured of pPAP CP by outgrowth in the absence of Zeocin following single colony isolation and screening for Zeocin susceptibility. 
Flow cytometry
Transformants expressing EGFP were grown in BMGY medium at 30
• C in a 96-deep-well plate shaken at 150 rpm for 24 h using a plate shaker (MBR-420FL; Taitec, Saitama, Japan). Average fluorescence intensities of 10 000 cells of each strain were measured using a flow cytometer (SH-800S; Sony, Tokyo, Japan) equipped with a 488-nm laser and the appropriate filter set for EGFP (525/50 nm).
Statistical tests
Student's t-tests were used to determine the significance of the differences between groups of values. P values less than 0.05 were considered to be statistically significant.
RESULTS
Identification of the DNA ligase IV homolog in K. phaffii
The genome sequence of the K. phaffii CBS7435 strain (Küberl et al. 2011) was searched, using the blastp (protein-protein blast) program, for a gene encoding a homolog of the S. cerevisiae DNA ligase IV protein (Dnl4p) (Wilson, Grawunder and Lieber 1997) . The resulting sequence alignment revealed that CCA39424p has 32% amino acid sequence identity with S. cerevisiae Dnl4p. Moreover, CCA39424p was originally (in 2013, at the time this study was initiated) annotated as a DNA ligase IV homolog encoded by a gene (designated DNL1) located on chromosome 3 of K. phaffii in the GenBank database (Küberl et al. 2011; Love et al. 2016) . Thus, we chose CCA39424 as the presumptive DNA ligase IV-encoding gene (designated DNL4) of K. phaffii and subjected this locus to gene deletion analysis to investigate the role of the corresponding protein in the K. phaffii NHEJ pathway.
Disruption of ADE1 using a marker recycling method for seamless gene deletion in K. phaffii
First, to provide a seamless gene deletion method accompanied by marker recycling in K. phaffii, we designed a conversion scheme for targeting of chromosomal loci through two-step recombination, as shown in Fig. 1 . This method can generate either of two types of recombinant cells: one is the desired strain, which carries a seamless deletion; the other is the non-desired strain, in which excision of the plasmid yields the original gene sequence (Fig. 1) . To check whether this technique works in K. phaffii, we initially attempted the deletion of the ADE1 gene in the CBS7435 wild-type strain. Before initiating the recombination procedure ( Fig. 1) , a plasmid (pUC sdADE1) containing the G418 resistance-encoding marker and the up-and downstream regions of the ADE1 gene was prepared. In the first step, after cleaving the plasmid within the upstream sequence, the linearized DNA was used to transform the CBS7435 wild-type strain via plasmid integration; the correctly integrated transformant was selected on G418-containing medium. In the second step, the obtained positive clone was cultured in adenine-containing nutrient-rich medium to permit internal HR (excision) between the duplicated up-or downstream sequences. The cells then were returned to the adenine-lacking medium and cultured to permit acclimation. The cells subsequently were further cultivated in the presence of the antibiotic nystatin to kill actively growing ADE1 + clones (which could include excision events that restored the original sequence or cells in which excision had not occurred). Surviving cells were diluted and spread on adenine-limiting plates. Following this procedure, 2.2% (15/686 colonies) of the resulting colonies exhibited a red colony phenotype indicative of the ade1 auxotrophy. Screening confirmed that all G418-susceptible red colonies harbored the expected seamless ade1 gene deletion (Fig. 1B) . Thus, this experiment validated the feasibility of integration/excision cycling to generate seamless gene deletion in K. phaffii, as shown schematically in Fig. 1 .
Disruption of the DNL4 gene using the seamless marker recycling gene deletion method in K. phaffii
To test whether Dnl4p (CCA39424p) is involved in the NHEJ process in K. phaffii, the DNL4 gene was disrupted in the CBS7435 ade1 strain by the seamless gene deletion method (Fig. 1) . In the first-step recombination, a plasmid (pUC sdDNL4) containing the ADE1 marker and up-and downstream flanking sequences of the DNL4 gene was linearized within the downstream sequence and introduced into the ade1 strain, and then the ADE1 + recombinant cells were selected on the adenine-lacking plates. The second-step recombination was performed by a procedure similar to that described above; after nystatin treatment and incubation on the adenine-limiting plates, red colonies were recovered and the presence of the seamless dnl4 gene deletion was confirmed by colony PCR and sequencing of the amplicon (data not shown), confirming the successful generation of the dnl4 ade1 strain. To change the auxotrophy from adenine (a nucleic acid base) to histidine (an amino acid) to facilitate the assessment of cell growth (Lin Cereghino et al. 2001) , the HIS4 gene of the dnl4 ade1 strain was replaced with an ADE1 marker fragment by double-crossover recombination. The dnl4 his4 genotype of the resulting strain was confirmed by colony PCR; the presence of the desired allelic constructs was further confirmed by whole-genome sequence analysis (data not shown).
Cre-loxP-mediated marker recycling gene deletion in K. phaffii and application for the disruption of KU70
To compare the gene-targeting efficiencies between the dnl4 and ku70 deletion strains, disruption of the KU70 gene of the dnl4 his4 strain and CBS7435 wild-type strain was performed using a method that combined double-crossover recombination and a Cre-loxP marker recycling system adapted for use in K. phaffii. As shown in Fig. 2 , we prepared a double-crossover recombination cassette containing the up-and downstream flanking regions of the KU70 gene as well as the G418 resistance-encoding marker flanked by loxP sequences. After transformation of the dnl4 his4 and wild-type strains with this cassette, recombinant strains harboring a ku70::G418 R construct were isolated by selecting for G418 resistance. The pPAP CP episomal plasmid was introduced into the resulting strains and the G418 resistanceencoding marker was excised via Cre-mediated recombination between the two loxP sequences (via extremely weak expression in the absence of methanol induction). The resulting G418-susceptible ku70 deletion mutant cells were then cured of pPAP CP by growing the cells in the absence of Zeocin selection, taking advantage of the weak autonomous replicating activity of PARS1. The genotypes of the plasmid-cured cells were confirmed as dnl4 ku70 his4 or ku70 (Table 1 ) based on colony PCR (Fig. 2) , G418 susceptibility and sequencing of the ku70 locus (data not shown).
Growth rate of K. phaffii strains disrupted for NHEJ-related genes
The growth rate of K. phaffii strains with deletions in NHEJrelated genes (dnl4 and/or ku70) were compared with that of the CBS7435 wild-type parent strain (Table 2) . Growth rates were determined for cells grown in minimal media supplemented with glucose, glycerol or methanol as the sole carbon source. The specific growth rates of the ku70, dnl4 his4 and dnl4 ku70 his4 strains in the glucose media were 12%-15% lower than that of CBS7435 (Table 2 ). In the glycerol and methanol media, the dnl4 strains Transformations were carried out with 50-bp homologies (regions up-and downstream of the target gene ORF) flanking the resistance marker (Zeo R ). Occurrence of homologous recombination at the correct locus (ARG4 or URA3) was detected by screening for arginine or uracil auxotrophy. a The targeting efficiency was calculated as the ratio of the number of auxotrophic recombinants to that of transformants tested.
(dnl4 his4 and dnl4 ku70 his4) exhibited nominally lower growth rates than the ku70 strain (Table 2) .
Gene knock-out by double-crossover HR in strains harboring disruptions in NHEJ-related genes
To examine the targeting efficiency of the dnl4 deletion strains, we tested the gene knock-out of ARG4 and URA3 by doublecrossover recombination. Zeocin resistance cassettes flanked by 50-bp homologies (corresponding to sequences up-and downstream of the target genes) were introduced into the wild-type strain and into the three NHEJ-related-gene-disrupted strains (ku70, dnl4 his4 and dnl4 ku70 his4). The efficiencies of targeting into the desired genes were evaluated by measuring the frequency of detection of strains auxotrophic for arginine or uracil. Despite the short length (50 bp each) of the flanking DNA sequences used for HR targeting in this experiment, cells harboring ARG4 or URA3 disruptions were obtained in all four backgrounds. However, the targeting efficiencies differed considerably among these strains (Table 3) . For the ARG4 disruption, the targeting efficiencies in the wild-type, ku70, and dnl4 his4 strains were 10%, 21%, and 68%, respectively (Table 3) . Similarly, URA3 disruption appeared to occur more frequently in the dnl4 his4 strain (77%) compared to the wild-type and ku70 strains (7% and 26%, respectively) ( Table 3) . Although the efficiencies of targeting were dependent on the targeted locus (Näätsaari et al. 2012) , the dnl4 his4 strain provided higher rates whether ARG4 or URA3 were targeted for disruption. These results strongly suggested that the CCA39424 gene product is a component of the K. phaffii NHEJ pathway, consistent with the proposed identity of CCA39424p as a DNA ligase IV (Dnl4p) homolog.
To examine whether the targeting efficiency was further improved by the combination of the dnl4 and ku70 deletions, we evaluated the targeting efficiency of ARG4 and URA3 disruption in the dnl4 ku70 his4 strain. The results revealed that targeting efficiency of the dnl4 ku70 his4 strain was further improved to 73% (for ARG4 disruption) and 84% (for URA3 disruption), while those in the dnl4 his4 strain were 68% and 77%, respectively (Table 3 ). phaffii using the pPGP EGFP genome-integration plasmid. pPGP EGFP contained an EGFP expression cassette (expressing EGFP under control of the GAPDH promoter (Pgap) and AOX1 terminator (Taox1)), the 3 -UTR (terminator region) of CCA38473 (T38473), and the G418 resistance-encoding marker. pPGP EGFP was linearized by digestion with EcoRV, which cuts within T38473, and introduced into the cells for homologous recombination at the corresponding genomic region. Gray arrows indicate primer positions used for colony PCR.
Gene knock-in by HR in strains harboring disruptions in NHEJ-related genes
To further evaluate targeting efficiency in strains harboring disruptions in the three NHEJ-related genes, we tested knock-in integration of the EGFP expression plasmid pPGP EGFP (Fig. 3) . This plasmid expresses EGFP under the control of the GAPDH promoter and the AOX1 terminator; the plasmid also contains a 0.6-kb 3 -UTR fragment of CCA38473 (encoding a GINS complex subunit) to permit targeted HR, along with a G418 resistanceencoding marker.
Either of two relatively short DNA fragments in the 3 -UTR of CCA38473 (approximately 300 bp each, generated upon digestion with EcoRV) were utilized as the homologous sequences for HR into the corresponding site on genome. The targeting efficiencies of the linearized DNA into the target locus were estimated by colony PCR screening of the G418-resistant transformants. As shown in Table 4 , the targeting efficiencies among the three NHEJ-related-gene-disrupted strains did not appear to differ, in each case approaching 100%, while that in the wild-type strain was approximately 70%.
The EGFP expression level of each transformant, which had integrated the linearized DNA containing the EGFP expression cassette into the correct locus, was evaluated. For each background, eight randomly selected colonies were cultured using 96-deep-well plates, and the EGFP fluorescence intensities of the transformants were measured by flow cytometry. The mean GFP fluorescence intensities of 10 000 cells exhibited slight differences depending on the strain background, with mean values ranging from 0.87-to 1.05-fold that of the wild type (Table 4) . The dnl4 his4 deletion strains (dnl4 his4 and dnl4 ku70 his4) had slightly lower GFP fluorescence intensities than the wild-type and ku70 strains with significant difference (P < 0.05). This might be provoked by the growth difference arising from auxotrophic HIS4 gene deletion (Table 2) .
DISCUSSION
To enable efficient strain construction for gene knock-out and knock-in at target loci in K. phaffii, we generated strains disrupted in the gene encoding the K. phaffii DNA ligase IV homolog. Strains deleted for NHEJ-related genes (dnl4, ku70 or dnl4 ku70) showed comparable growth rates (all decreased compared to the CBS7435 wild-type parent) on each of 3 carbon sources (glucose, glycerol or methanol). The strains harboring the dnl4 deletion (alone or with ku70) exhibited slightly lower growth rates when cultured in glycerol or methanol medium. These differences might be caused by the decrease in double-strand break repair function; notably, however, the DNA ligase IV homolog is not essential in K. phaffii under laboratory conditions.
In the case of gene knock-out of ARG4 and URA3 through double-crossover recombination, the targeting efficiency into the correct loci in the dnl4 his4 strain was approximately three times higher than those seen in the ku70 strain. Additional disruption of the KU70 gene in the dnl4 his4 strain further increased the gene targeting efficiency to approximately 10-and 4-fold higher than those seen in wild-type and ku70 strains, respectively. Thus, despite the slight decrease in the cell growth rate, the K. phaffii dnl4 genotype is expected to be of great utility for increasing the efficiency of HR for genetic analysis and strain construction. When using the 50-bp flanking homologies, the earlier study reported that gene disruption (ADE1) had never occurred (0%) in both the wild-type and ku70 strains (Näätsaari et al. 2012) ; however, this study further demonstrated that the dnl4 and dnl4 ku70 strains showed drastically higher targeting efficiencies due to the dnl4 phenotype (more than approximately 70% in the case of the ARG4 and URA3 deletion).
Previous studies describing disruption of a gene encoding a DNA ligase IV homolog in the filamentous fungi N. crassa (Ishibashi et al. 2006) and A. oryzae (Mizutani et al. 2008) reported 100% efficiencies for gene disruption in dnl4 mutant strains. However, those previous studies employed homologous sequences (100 bp in N. crassa, 500 bp in A. oryzae) differing in length from those used in our experiments. In contrast to the results reported in the filamentous fungi, targeting efficiencies in the P. ciferrii dnl4 deletion strain (using approximately 400-bp flanking homologies) showed 87%, never reaching 100% (Schorsch, Köhler and Boles 2009 ). These results in P. ciferrii thus were similar to our results in K. phaffii (70%-80% and 75%-85% in dnl4 and dnl4 ku70 strains (respectively) when using 50-bp flanking homologies). This concurrence may imply the existence of another pathway for DNA integration in the yeast, as has been reported in other fungi for microhomology-mediated end joining (Ma et al. 2003) .
Using 300-bp intervals in the 3 -UTR of CCA38473 as the homologous regions for plasmid integration, the efficiencies for knocking-in the EGFP expression cassette attained almost 100% in the three tested strains harboring disruptions in NHEJ-related genes (compared to approximately 70% in the wild-type parent). This result indicated that plasmid integration into the 3 -UTR of CCA38473 (via 300-bp flanking homologies) was sufficient for achieving high gene targeting efficiency into the correct locus in K. phaffii. Thus the 3 -UTR of CCA38473 would appear to serve as an appealing target for reproducible gene knock-in.
Selectable markers are indispensable for the easy selection of recombinant transformants, a process essential to the use of HR-mediated gene knock-out and knock-in. In the case of K. phaffii, a number of selectable markers have been employed (e.g. ADE1, HIS4, Zeo R and G418 R ) (Drocourt et al. 1990; Scorer et al. 1994; Lin Cereghino et al. 2001) . However, the number of available selectable markers is limited. The best option for enabling unlimited rounds of gene knock-out and knock-in is clearly marker recycling, that is, the re-use of the same selectable markers via repeated cycles of integration and excision.
With the aim of future applications in strain construction enabling multiple gene deletions without exhausting the selectable markers available for use in K. phaffii, we used two methods for marker recycling: seamless gene deletion (Fig. 1) and CreloxP-mediated gene deletion (Fig. 2) . The seamless gene deletion method presented here was historically demonstrated as popin/pop-out gene replacement in a variety of microbes, including The pPGP EGFP genome-integration plasmid (containing the EGFP expression cassette, the G418 resistance-encoding marker, and the 3 -UTR of CCA38473 (T38473)) was linearized with EcoRV, which cleaves in the middle of the T38473 sequence. Transformations were carried out using the linearized DNA, which provides the EGFP cassette with approximately 300-bp flanking homologies for the genomic 3 -UTR of CCA38473 to either side of the cassette. a The homologous recombinants are cells in which the linearized DNA integrated into the correct target locus. b The targeting efficiency was calculated as the ratio of the number of homologous recombinants to that of transformants tested. c The GFP fluorescence intensities of 10 000 cells of each strain were measured using a flow cytometer. The resulting values were normalized to that of CBS7435. Data are presented as the mean ± standard deviation, calculated according to EGFP fluorescence intensity of eight randomly picked clones (determined to have been targeted at the CCA38473 locus) in each strain background.
(for example) S. cerevisiae (Scherer and Davis 1979) , E. coli (Link, Phillips and Church 1997) , and Pseudomonas putida (Graf and Altenbuchner 2011) . This methodology has the merit of not leaving any heterologous or artificial nucleotide sequences on the genome after excision of the selectable marker. In the current study, we attempted disruption (separately) of three genes (ADE1, DNL4 and KU70) by seamless gene deletion mediated by integration/excision. We succeeded in constructing seamless gene deletions of ADE1 and DNL4. However, we were unable to disrupt the KU70 gene using this method (data not shown); this challenge presumably reflected some unknown regulatory machinery. Therefore, we used an alternative gene deletion method that combined double-crossover recombination and Cre-loxPmediated marker excision (Sauer 1987; Marx, Mattanovich and Sauer 2008) ; the Cre-loxP approach was successful for generating the ku70 deleted strain. In contrast to the seamless deletion technique, the Cre-loxP marker recycling system does present a risk: an unanticipated scrambling of sequences or an extensive deletion can occur upon the accumulation of multiple small (34-bp) loxP 'scars' across the genome (Delneri et al. 2000) . Therefore, it is important to use these two methodologies creatively for marker recycling in the course of gene deletion, depending on the specific circumstances (and as demonstrated in the present work).
To facilitate the execution of Cre-loxP marker recycling, we constructed the pPAP CP plasmid. This plasmid contains the weakly autonomous replicating PARS1 sequence (Cregg et al. 1985) , thereby enabling the transient maintenance of the plasmid and the easy curing of the Cre-encoding plasmid after marker excision. In addition, we selected the strictly regulated, inducible AOX1 promoter to control the expression of Cre recombinase, as described previously (Pan et al. 2011) . In that previous study, methanol induction of Cre recombinase was needed for marker excision (Pan et al. 2011) . In contrast, in the present work, the low-level leakage expression of Cre recombinase appears to have been sufficient to drive excision of the loxP-flanked marker cassette even in the absence of AOX1 promoter induction. Indeed, in other work (data not shown) we have observed that strong expression of the Cre recombinase by use of the strong, constitutive GAPDH promoter precluded the generation of transformants in K. phaffii, instead causing cell death.
In this study, we successfully constructed K. phaffii strains disrupted for NHEJ-related genes, using either of two types of marker recycling gene deletion strategies. Deletion of the gene encoding a DNA ligase IV homolog (Dnl4p) yielded a strain with higher efficiency of gene targeting than that obtained with a strain deleted for the gene encoding the subunit homolog of the telomeric Ku complex (Ku70p). Strains harboring a dnl4 deletion, with or without a ku70 deletion, are expected to serve as platform host cells for functional analyses and strain development for the high-level production of recombinant proteins. Furthermore, the combination of precise targeted integration and marker recycling described here is expected to expand the possible application of K. phaffii in biotechnology.
